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ation, then reheats the Universe but remains out-of-equilibrium itself, and nally
comprises the observed dark matter abundance, produced by particle decays a la freeze-in
mechanism. We work model-independently without specifying the interactions of the scalar
eld besides its self-interaction coupling, 4, non-minimal coupling to gravity, 2R, and
coupling to another scalar 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22. We 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ton and a dark matter candidate if 10 9 .  . g . 10 7 and 3 keV . m . 85 MeV for
 = O(1). Such a small value of the non-minimal coupling is also found to be of the right
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1 Introduction
Extensions of the Standard Model of particle physics (SM) typically contain many scalar
elds. Their role in explaining the observed curvature power spectrum and dark matter
(DM) abundance, dierent early Universe phase transitions, matter-antimatter asymmetry,
and many other phenomena have been studied extensively in the literature, as discussed
e.g. in the recent reviews [1{4]. In this work, we study a class of beyond the SM scalar
elds to address two major issues in cosmology: ination and dark matter.
During the years 2009{13, the European Space Agency's Planck satellite measured
properties of the Cosmic Microwave Background (CMB) and either supported, constrained,
or even ruled out many scenarios of the early Universe physics. In particular, the Planck
results | together with many dierent astrophysical observations at dierent scales | have
shown overwhelming evidence for the existence of an unknown non-baryonic dark matter
component, whose abundance in the Universe is now known to be 
DMh
2 ' 0:12 [5].
How this abundance was produced in the early Universe is however still unknown, as no
conclusive dark matter signals have shown up in experiments [4].
The Planck satellite placed bounds also on many inationary scenarios by measuring
the spectral index of primordial power spectrum to a high accuracy, ns = 0:0060, and
bounding the tensor-to-scalar ratio to r < 0:11 [6]. Among inationary models the best
t to the Planck data is provided by dierent Starobinsky-like models, such as Higgs ina-
tion [7] or s-ination [8{10], where a non-minimal coupling between gravity and quantum
elds typically plays a crucial role.
In this work, we connect a Starobinsky-like inationary model to dark matter produc-
tion which occurs at a later stage in the history of the Universe. We consider a scenario
where a Z2-symmetric scalar eld rst drives cosmic ination, then reheats the Universe
{ 1 {
J
H
E
P
0
9
(
2
0
1
6
)
0
4
9
but remains out-of-equilibrium itself, and nally comprises the observed dark matter abun-
dance, produced by particle decays a la freeze-in mechanism [11{20]. As the Z2 symmetric
scalar eld serves as both the inaton and a FIMP ('Feebly Interacting Massive Particle')
dark matter candidate, we name our scenario as the `mplaton' model.1
The paper is organized as follows: in section 2 we present the model and discuss
general aspects of the phenomenology and requirements for the mplaton scenario. Then,
we present the scenario in a chronological order as it may have occured in the history
of the Universe: rst, in sections 3.1 and 3.2, we study how the mplaton with a non-
minimal coupling to gravity drives ination, then in section 3.3 we present a mechanism
for reheating the Universe, and in section 4 discuss how this same scalar eld comprises
the observed DM abundance, produced by decays of other elds. Finally, in section 5, we
conclude and present an outlook.
2 The model
The model is specied by the potential
V (; ) =
2
2
y +
2
2
2 +

4
(y)2 +

4
4 +
g
2
2y + Vgravity; (2.1)
where both  and  are scalar particles. We assume  to be a real singlet but allow  to be
charged under the Standard Model symmetries.2 The term Vgravity, including non-minimal
couplings to gravity, is left unspecied until section 3.
In the following, we take  to be a scalar which couples very weakly to , g  1, but
suciently strongly to the SM particles, so that it becomes part of the SM heat bath during
the Hot Big Bang era, while  does not. The scalar  we take to be the eld responsible for
driving ination and later comprising the observed DM abundance. Stability of the DM
particle is ensured by a Z2-symmetry of the scalar potential. We also assume the physical
masses satisfy m > 2m, so that the  eld can decay to  particles and produce the
observed DM abundance by the freeze-in mechanism. Despite of this mass hierarchy, we
will show it is possible to produce a large amount of  particles out from a  condensate
during the reheating era.
The key requirement for the freeze-in production of DM is to assume that the DM
particles had not become in thermal equilibrium with other particles before production of
the observed DM abundance at T ' m [11, 12]. Assuming thermal equilibrium within
the visible sector, writing the Friedmann equation as
H =
r
2g
90
T 2
MP
; (2.2)
1In contrast to our scenario, the standard s-ination model [8, 9] and several other scenarios [21] could
be referred to as `wimplaton' models, a term coined by the latter reference.
2It would be particularly interesting to study whether the scenario could be realized within a Higgs
portal model where  is the SM Higgs and  a singlet scalar. As our purpose is to present a new scenario,
we do not restrict ourselves to this particular model.
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where MP is the reduced Planck mass, estimating h!vi ' g2=T 2, and using the usual
expression for the number density of relativistic particle species, n = (3)T
3=2, we nd
that no thermalization of  with other particle species occurs before T ' m if
g .
s
24:8
p
g(m)m
MP
' 10 7
 m
125 GeV
1=2
; (2.3)
where the latter expression applies for g(m) ' 100, and all quantities are evaluated
at T = m. As a conservative benchmark value, we take g . 10 7 in the following
considerations.
We further assume that also the  self-interaction coupling takes a very small value,
 . g, in line with the very small portal coupling. In fact, the chosen hierarchy of
couplings is a necessary condition to ensure that the  eld indeed reheats the SM sector
after ination instead of decaying into its own quanta and remaining out-of-equilibrium
forever, as we will show in section 3.3. Along the lines of ref. [22] and in line with the other
small couplings, we also assume the higher-dimensional operators of the form
L = L4 + 4
X
n>0
an



n
+ 2R
X
n>0
bn



n
+ : : : ; (2.4)
are suppressed, an; bn  1, and play no role in inationary dynamics. Here L4 is the
dimension four eective Lagrangian,  MP, and R is the Ricci scalar.
Finally, we neglect the renormalization group (RG) running of couplings and simply
assume that at least the -direction of the potential (2.1) remains stable up to the Planck
scale. While the RG running can in some parts of the parameter space render the inaton
potential unstable or aect predictions for inationary observables, such as the spectral
index ns or the tensor-to-scalar ratio r [9, 23], we leave a more detailed study of these
aspects for concrete model setups, and in this work concentrate on predictions at the
classical level only.
3 Cosmic ination
We begin by considering inationary dynamics. Following closely the notation and pre-
scription of refs. [9, 23], we present the part of the Lagrangian which couples non-minimally
to gravity, and then discuss general inationary dynamics and observables in sections 3.1
and 3.2. In section 3.3, we present a mechanism for reheating the Universe without allowing
the mplaton to become in thermal equilibrium with the SM elds.
3.1 Inationary dynamics
We take Vgravity =
1
2(
2 + 
2)R, so that the Jordan frame action is
SJ =
Z
d4x
p g

1
2
@@
+
1
2
@@
  1
2
M2PR 
1
2

2R  1
2

2R V (; )

; (3.1)
where V (; ) is the scalar potential (2.1). While other types of gravitational couplings,
such as R2, can also play important role in inationary dynamics (see e.g. [24, 25]),
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restricting to this simple non-minimal coupling between the Ricci scalar R and scalar elds
is motivated by the analysis of quantum corrections in a curved background which have
been shown to generate such terms even if i are initially set to zero [26].
The non-minimal couplings appearing in (3.1) can be removed by the usual conformal
transformation, ~g = 

2g , where

2  1 + 
2
M2P
+

2
M2P
: (3.2)
By then performing a eld redenition,
d
d
=
s

2 + 62
2=M2P

4
; (3.3)
where  = ; , we obtain the so-called Einstein frame action
SE =
Z
d4x
p
 ~g

  1
2
M2P ~R+
1
2
~@ ~@
 +
1
2
~@ ~@

+A(; )~@ ~@
   U(; )

;
(3.4)
where
U(; ) = 

 4V ((); ()); (3.5)
and
A(; ) =
6
M2P

4
d
d
d
d
: (3.6)
In the following, we will consider the scenario where ination occurs in the -direction.
The scenario is similar to the so-called s-ination [8]. Consistency of this scenario requires
that the minimum of the potential at large  and  is very close to the  = 0 direction.
This is true if =
2
  =2, which is easily satised for the values we will discuss below,
  1;  ' 1, and for ;  not too dierent from each other. In that case, the kinetic
terms of the scalar elds are canonical as A(; ) = 0, and the analysis of inationary
dynamics can be performed in the usual way.
By taking into account only the highest order terms in the Jordan frame potential,
V (; ) = 
4=4, the Einstein frame potential becomes at large eld values
U() ' M
4
P
42
 
1 + exp
 
  2
p
p
6 + 1MP
!! 2
; (3.7)
which is a suciently at potential to support ination at   MP, or equivalently at
  MP=1=2 . Note that for s-ination-type models the scale of perturbative unitarity
breaking is always higher than the eld value during ination, provided that  is small
compared to  [9]. In our scenario this requires  < 1, and as the value of  can be
chosen freely, we assume this to be always the case.
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3.2 Inationary observables
The inationary dynamics is characterized by the usual slow-roll parameters, which are
dened in terms of the Einstein frame potential by
  1
2
M2P

1
U
dU
d
2
' 8M
4
P
(62 + )
4
; (3.8)
 M2P
1
U
d2U
d2
'   8M
2
P
(6 + 1)2
;
where the approximate values hold for MP=(62+ )1=2. In the following we solve for
inationary observables numerically by using the more accurate results provided by (3.3)
and (3.5) but show also the approximative values to illustrate the parametric dependence
of results.
The slow-roll ination ends when  ' 1, giving
2end '
s
8
62 + 
M2P; (3.9)
for the eld value at the end of ination. This allows us to calculate the number of
inationary e-folds, N  ln(aend=a), for the change of inationary eld values from some
initial 0 to end,
N =
1
M2P
Z 0
end
U

dU
d
 1d
d
2
d ' 6 + 1
8M2P
 
20   2end

: (3.10)
The COBE normalization requires [27]
U

' M
4
P
42
(62 + )
4
COBE
8M4P
= (0:0267 0:0002)4M4P; (3.11)
to obtain the measured amplitude of curvature power spectrum, PR = (2:1390:063)10 9
(68% condence level) [6]. Here COBE is the eld value at the time there was NCOBE e-
folds left of ination. Solving for NCOBE from (3.10), we can express the requirement (3.11)
in terms of e-folds,
2N
2
COBE
62 + 
' (0:0267 0:0002)4: (3.12)
It is the equation (3.12) that determines the required value of the non-minimal coupling
 in terms of  and NCOBE. Because we assume  . g . 10 7 to reheat the Universe
without thermalizing the mplaton with the SM bath (see section 3.3), we nd  . 10 for
the allowed values of the non-minimal coupling, as depicted in the left panel of gure 1.
In the following we take  > 1 to simplify the reheating analysis. This choice corresponds
to  & 10 9.
As was shown in [23], the number of e-folds in a feebly coupled s-ination-type model
is given by
N ' 60  1
12
ln
 
N
4

; (3.13)
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Figure 1. Left panel: the required value of the scalar self-interaction coupling  to produce the
observed curvature perturbation amplitude, PR = (2:139 0:063) 10 9, as a function of the non-
minimal gravity coupling . Right panel: inationary observables in the (; NCOBE)-plane. In the
red region the model satises both the Planck 1 bound on spectral index, ns = 0:9677  0:0060,
and the Planck 2 bound on tensor-to-scalar ratio, r < 0:11.
which for 10 9 .  . 10 7 gives N ' 60. For the spectral index, ns(k) 1  dPR=d ln k '
 6 + 2, and tensor-to-scalar ratio, r  PT =PR ' 16, we then obtain the following
numerical results
ns ' 0:962;
r ' 0:0042; (3.14)
where the slow-roll parameters have been evaluated at N = 60, and at the minimum value
of the corresponding non-minimal coupling,  ' 5 (see the right panel of gure 1). To see
how predictions vary for dierent parameter values, we solve the inationary observables
numerically for 59 < N < 61 and 4 <  < 10 to obtain
0:960 < ns < 0:964; 0:0036 < r < 0:0045: (3.15)
The numerical results for the spectral index ns and tensor-to-scalar ratio r are not only
compatible with the Planck results ns = 0:9677  0:0060 (68% condence level), r < 0:11
(95% condence level) [6] but dier from other inationary models of the same type. For
example, for Higgs ination [28]
0:964 < ns < 0:965; 0:0033 < r < 0:0037; (3.16)
and for s-ination [28]
0:964 < ns < 0:966; 0:0032 < r < 0:0036: (3.17)
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Despite the fact that the predicted value of tensor-to-scalar ratio is almost two orders
of magnitude lower than the current upper bound, there is hope in detecting it with the
next generation CMB satellites which plan to measure r to an accuracy r = 10 3, such
as PIXIE [29] and LiteBIRD [30]. It will be interesting to see whether they will also be
able to distinguish between dierent models of the same type.
3.3 Reheating after ination
Reheating in s-ination-type models has been discussed extensively in refs. [23, 28] (see
also [31]). In this section, we review the main results of reheating in s-ination for  > 1
and discuss how the mplaton  can reheat the Universe but remain out-of-equilibrium
itself. We need to ensure that reheating occurs at TRH > m, or otherwise the computa-
tion becomes inconsistent with the assumption that  is a frozen-in dark matter particle
produced by  !  decays at T ' m, as we will discuss in section 4.
After ination the Einstein frame  condensate begins to oscillate with an initial
eld value (end), where end is determined by eq. (3.9). The eld oscillates rst in
a quadratic potential with  / a 3=2, until a transition into quartic potential occurs at
 ' p2=3MP= [31]. After this 
2 ! 1, and the Einstein and Jordan frames become
equivalent. In the following we will use the Jordan frame notation.
After transition the homogeneous mplaton condensate evolves as
0(t) = 0(t)cn

0:85
1=2
 0(t)t; 1=
p
2

; (3.18)
where cn is the Jacobi cosine, 0 a time-dependent oscillation amplitude, and t the cosmic
time. As shown for s-ination in [23], it is the quartic regime where reheating occurs
if the couplings between the SM sector and inaton are very weak, and we have indeed
checked that there is no signicant particle production in the quadratic regime for g  10 4
if   10 9.
The oscillating background generates an additional mass term for  and  particles
M2 = 
2
 + 30(t)
2;
M2 = 
2
 +
g
2
0(t)
2;
(3.19)
where we have assumed that no thermal corrections arise whose contribution to mass terms,
i = i(T ), could block the decay of the mplaton condensate.
3 The decay rates of the
condensate energy density induced by the interactions 0(t)
22 and g0(t)
22 are given
by [17, 18]
 0! =
92!
80
1X
n=1
njnj2
s
1 

M
n!
2
;
 0! =
g2!
80
1X
n=1
njnj2
s
1 

M
n!
2
;
(3.20)
3If  is the SM Higgs and  a portal scalar, special care should be taken in analyzing formation of
thermal corrections.
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where
0(t)
2 =
1X
n= 1
ne
 i2!nt; (3.21)
and ! ' 0:851=2 0 is the oscillation frequency of 0. Here 0 = 40=4 is the energy
density of 0. Finally, we average the decay rates over one oscillation cycle. We note that
the semi-perturbative decay rates (3.20) provide not only a useful calculation method but
also account for adiabatic mass terms (3.19) and are thus expected to describe dynamics
of reheating to a sucient accuracy.
Because we have assumed that the two sectors never become in thermal equilibrium
with each other, requiring g . 10 7, the mplaton condensate has to decay to  particles
which further reheat the SM sector | instead of decaying into  particles which remain
out of thermal equilibrium forever.4 Therefore, we need
 0! >  0!: (3.22)
In the quartic regime the kinematic condition is n2!2 > M2 , (3.20), which can be
fullled with a suciently large n even if m > m. By neglecting the bare masses in
the quartic regime, we nd that the requirement (3.22) is satised for g  3, and the
dominant decay rate becomes
 0! ' 0:002g2 1=2 0: (3.23)
As we are interested in a scenario where  is not only the inaton but also a frozen-in
dark matter candidate, we require the reheating temperature to satisfy TRH & m. The
mplaton condensate decays at  0! ' H, giving
0 = 0:007
g2

MP; (3.24)
for the eld value at the time of condensate decay. Here we used
H =
r

12
20
MP
; (3.25)
which can be derived by using the mplaton energy density, 0 = 
4
0=4, in the Fried-
mann equation 3H2M2P = . Equating then the mplaton energy density with the energy
density of the heat bath, 2gT 4=30, at the time of the mplaton decay gives
TRH = 0:002

g(TRH)
102
 1=4
g2 3=4s MP; (3.26)
where g(TRH) is the eective number of degrees of freedom in the heat bath at the time
of reheating. For g  3;   10 9, g ' 100, the reheating temperature (3.26) then sets
a conservative upper limit on the  mass
m < TRH . 3 105GeV; (3.27)
if the dark matter relic density is to be produced by  !  at T ' m. In section 4, we
discuss how this upper bound relates to a bound on dark matter mass and coupling values.
4As shown in [32], annihilations of thermally decoupled Z2 symmetric scalars cannot heat up the SM
sector in a way consistent with the Big Bang Nucleosynthesis.
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4 Dark matter production
Finally, we turn to dark matter production. We have assumed the portal coupling takes
a very small value, g . 10 7, which prevents the mplaton  from becoming into thermal
equilibrium with the bath particles. Thus, the DM relic density has to be produced by scalar
decays5  !  at T ' m instead of the standard thermal freeze-out mechanism where
the DM number density freezes to a constant value when dierent annihilation processes,
such as ! , can not compete with the expansion rate of the Universe any more.
The freeze-in production of dark matter has been studied extensively in e.g. [11{20].
The canonical result for the frozen-in DM abundance is [12]

h
2 =
1:09 1027
gS
p
g
m !
m2
; (4.1)
where gS and g are, respectively, the eective numbers of entropy and energy density
degrees of freedom at the time the DM density freezes in. Taking  ! = g2m=(8) and
gS ' g, the result (4.1) can be written as

h
2
0:12
= 3:6 1023g2

102
g
3=2
m
m

: (4.2)
Due to very feeble DM self-interactions in the mplaton scenario,  ' O(10 9), the
abundance produced by scalar decays, (4.2), is indeed the nal DM abundance, and no
thermal freeze-out operating in the dark matter sector | as recently studied in e.g. [33{35]
| need to be considered.
Taking  to constitute all of the observed DM abundance gives us
m
m
' 3 10 24g 2
 g
102
3=2
: (4.3)
The result (4.3) allows for deriving bounds on the mplaton mass. If the scalar  is not
necessarily the SM Higgs but a heavy mediator between the SM and mplaton sectors, we
can use the upper bound on the  mass, (3.27), to obtain
m . 6 10 27

g(m)
102
3=2g(TRH)
102
 1=4 g2(TRH)
g2(m)

 3=4
 (TRH)MP; (4.4)
which is a strict upper bound on the mplaton mass. Here we have explicitly written the
scales where the couplings should be evaluated.
Neglecting the RG running, using  & 10 9, and assuming again that the total
number of energy density and entropy degrees of freedom does not dier too much from
g ' 100, we get m . 85 MeV to be an absolute upper bound on the mplaton mass. On
the other hand, astrophysical observations of the Lyman- forest impose a lower bound on
dark matter mass, mDM & 3 keV [36], so that in total the mplaton mass is bounded to
3 keV . m . 85 MeV: (4.5)
5Also 2 $ 2 scatterings are known to contribute to the DM freeze-in yield. We neglect these processes
for simplicity.
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Figure 2. Left panel: bounds on the mplaton mass from reheating and dark matter production
in the (; g)-plane for g(TRH) = g(m) = 100. For a given value of the mplaton self-interaction
strength , masses larger than the value in the corresponding contours are excluded. The gray
region, g  3, is excluded by reheating dynamics. Right panel: the same mass bounds in the
(m; )-plane for dierent values of g(TRH) = g(m). For a given value of g, regions above the
contours are excluded.
For  . 1 smaller values of  > 10 9, and therefore larger values of m, become allowed
but at the expense of having a large number of required e-folds, N  60, see gure 1. In
this work we restrict to the more conventional value N ' 60.
The results are shown for dierent values of  and g in gure 2. In particular, if 
is the SM Higgs, the absolute upper bound on the mplaton mass becomes m . 40 keV
irrespectively of , see (4.3). Here we used g > 10
 9 and g = 106:75 at the time of the
DM freeze-in.
5 Conclusions
In this work we have studied a scenario where a Z2-symmetric scalar eld, non-
minimally coupled to gravity, drives cosmic ination, reheats the Universe but remains
out-of-equilibrium itself, and later comprises the observed dark matter abundance, pro-
duced by particle decays a la freeze-in mechanism. As the Z2-symmetric scalar eld serves
as both the inaton and a FIMP ('Feebly Interacting Massive Particle') dark matter can-
didate, we have named our scenario as the `mplaton' model.
Because we wanted to work as model-independently as possible, we did not specify the
mplaton's connection to the known Standard Model physics nor its interactions besides
its self-interaction coupling, 
4, non-minimal coupling to gravity, 
2R, and coupling to
another scalar eld, g22. It would be interesting to study whether already e.g. a simple
Higgs portal model, where  is the SM Higgs and  a portal scalar, could accommodate
the mplaton scenario.
{ 10 {
J
H
E
P
0
9
(
2
0
1
6
)
0
4
9
We have shown the mplaton model constitutes an interesting example of a sce-
nario where even very small couplings can be responsible for both ination, reheating,
and production of the observed dark matter abundance. Although the (somewhat con-
servative) coupling and mass windows where the model works are relatively narrow,
10 9 .  . g . 10 7, 3 keV . m . 85 MeV, the scenario is shown to provide a suc-
cessful connection between cosmic ination and dark matter abundance. Furthermore,
as shown in section 3.2, the model may be distinguishable from other inationary mod-
els of the same type, namely the Higgs ination and s-ination, by the next generation
CMB satellites.
An interesting aspect of the mplaton model is that to produce the observed curvature
perturbation amplitude within the scenario, the non-minimal coupling has to take a rela-
tively small value,  = O(1). This is indeed a very small value, as Higgs and s-ination
models typically require  = O(104). As quantum corrections in a curved background
have been shown to generate small non-minimal couplings even if they are initially set to
zero, it would be particularly interesting to apply the mplaton scenario to concrete model
setups. As SM extensions typically contain many new scalar elds, studies of their role
in both ination and dark matter production together provide many new ways to extract
information about SM extensions and physics of the early Universe in general.
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